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ABSTRACT: Degradation of marine ecosystems is an increasing problem and extends beyond
nearshore coastal waters with significant human development. However, measuring ecosystem
damage and decreased ecosystem function can be difficult. Marine mammals have often been re-
commended as indicators for evaluating ecosystem health. Between March 2010 and July 2014, a
significant cetacean unusual mortality event occurred across the northern Gulf of Mexico, where
multiple demographically independent populations of common bottlenose dolphins Tursiops trun-
catus occur adjacent to one another. Some populations are fairly small and restricted to small habi-
tat areas, while other populations have higher abundances and cover broader geographic ranges.
An integral component to determining the impact of this event on these populations is identifying
what percentage of each population the stranded animals comprise. We applied genetic assign-
ment test methods to stranded dolphins from southeastern Louisiana to determine the proportion
of dead dolphins that came from the local estuarine population versus the population found in
adjacent coastal waters. Forty-one microsatellite loci were genotyped in 156 live dolphins sam-
pled to represent the 2 potential stocks of origin and in 131 dead stranded dolphins of unknown
origin. Both classical assignment tests and genetic stock identification methods indicated that
approximately 6 to 7% of the sampled stranded dolphins originated from the Western Coastal
Stock and the remainder from the smaller, estuarine stock in Barataria Bay, Louisiana.
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INTRODUCTION

The world's oceans are experiencing significant
increases in anthropogenic impacts. Historically,
overfishing due to whaling (Ivashchenko & Clapham
2014) and commercial fishing (Murawski 2010) has
depleted a wide variety of taxa. More recently, im-
pacts on the oceans are even broader, as human
activities intensify and extend further offshore into
deeper waters for fishing, shipping, and energy
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exploration and extraction (Ramirez-Llodra et al.
2011, Mengerink et al. 2014). For example, bottom
trawling has now extended off the continental shelf
into deep, oceanic waters, where it focuses on sea-
mounts. Trawling impacts not only the target species
but also negatively impacts the benthic habitats upon
which many species rely (Hiddink et al. 2011). New
technologies have allowed energy exploration to
expand into deeper waters and more remote areas
(Copping et al. 2015). The global nature of today's
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economy has led to more shipping and to increases in
the introduction of non-native species that often
negatively impact the ecosystems to which they have
been introduced (Briski et al. 2012). In the United
States and elsewhere, coastal development and
population growth have steadily increased since the
1980s (NOAA 2013), leading to increased pollutant
loads, and habitat degradation and loss in coastal
environments (United States Environmental Protec-
tion Agency 2012).

Measuring ecosystem damage and decreased eco-
system function can be difficult, however, and mar-
ine mammals have often been recommended as indi-
cators for evaluating ecosystem health (Wells et al.
2004, Bossart 2011, Reif 2011). There is growing evi-
dence of negative impacts of chemical contaminants
on cetacean reproductive success (Schwacke et al.
2002), health, and immunity (Hall et al. 1992, Aguilar
& Borrell 1994, Hammond et al. 2005, Schwacke et al.
2012). Gulland & Hall (2007) report a steady increase
in the number of marine mammal mass mortality
events due to exposure to harmful algal blooms over
the past 40 yr. Recognition of the pathogens that
cause individual marine mammal deaths is an impor-
tant first step towards understanding the health sta-
tus of individuals and of their ecosystem, but an
important additional step is understanding the popu-
lation-level impacts of such mortalities. To assess the
status of a population (i.e. growing, declining, sta-
ble), one must be able to determine the number of
individuals from a population impacted by a given
mortality event.

In the northern Gulf of Mexico (GoM), the common
bottlenose dolphin Tursiops truncatus is a wide-
spread species, inhabiting estuarine, coastal, conti-
nental shelf and slope, and oceanic waters (Vollmer
& Rosel 2013). Currently, 36 common bottlenose dol-
phin stocks have been delimited in the northern
GoM for management purposes under the Marine
Mammal Protection Act of 1972 (Waring et al. 2015).
Thirty-one of these stocks inhabit enclosed or semi-
enclosed bays, sounds, and estuaries that line the US
Gulf coast from Texas to Florida, and most are
thought to have relatively low population sizes (i.e. in
the low hundreds; Waring et al. 2015); however, the
newest abundance estimate for the Barataria Bay
Estuarine System Stock in Louisiana is near 3000
(McDonald et al. 2017, this Theme Section). In addi-
tion, there are 3 Coastal stocks inhabiting waters
from the beaches or barrier islands out to the 20 m
isobath, one Continental Shelf Stock in waters
between 20 and 200 m deep, and one Oceanic Stock
inhabiting waters >200 m deep throughout US

waters of the Gulf. These latter 5 stocks cover
broader geographic regions and are larger than the
estuarine stocks (Waring et al. 2015). The Western
Coastal Stock, for example, is currently delimited in
coastal waters from the Mississippi River delta to the
Texas—Mexico border in the northern GoM and has
an estimated abundance of 20161 (CV = 0.17)
(Waring et al. 2015). Despite the more open ocean
environment these coastal and shelf stocks inhabit,
like common bottlenose dolphin populations in other
nearshore environments, significant habitat parti-
tioning is seen even on relatively small spatial scales
(Sellas et al. 2005, Baird et al. 2009, Rosel et al. 2009,
Martien et al. 2012). In the northern GoM, photo-
identification studies in a variety of estuarine areas
have identified long-term, year-round site fidelity
(Shane 1977, Wells et al. 1987, 2017, this Theme
Section, Hubard et al. 2004, Balmer et al. 2008, Bas-
sos-Hull et al. 2013) as well as partitioning of habitat
between estuarine and adjacent coastal waters
(Fazioli et al. 2006). Genetic analysis of 3 estuarine
populations and the adjacent coastal population off
the west coast of Florida revealed significant genetic
differentiation among all 4 populations (Sellas et al.
2005). In addition, genetic differentiation between
these 4 populations in Florida and a population from
Matagorda Bay, Texas was even higher (Sellas et al.
2005). Genetic analysis of continental shelf and
oceanic waters has also revealed significant habitat
partitioning even in this open water environment
(Vollmer 2011). The photo-identification and genetic
data in combination provide strong support for the
presence of multiple, demographically distinct popu-
lations of common bottlenose dolphins that should be
managed as independent stocks.

An unusual mortality event (UME) was declared
for the northern GoM from the Texas-Louisiana
border through the Florida Panhandle from March
2010 through July 2014 (see www.nmfs.noaa.gov/
pr/health/mmume/cetacean_gulfofmexico.htm), and
>1100 cetaceans, primarily common bottlenose
dolphins, stranded within this region, most of
which (95%) stranded dead (Litz et al. 2014). The
Deepwater Horizon oil spill began in April 2010 in
the northern GoM, raising questions at the time as
to the role the oil spill may have played in these
mortalities. Subsequent studies have indicated that
the oil spill did negatively impact common bottle-
nose dolphin health (Schwacke et al. 2014, Venn-
Watson et al. 2015, DWH NRDA Trustees 2016),
contributing to this largest and longest-lasting
UME in the northern GoM on record (Litz et al.
2014).
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An integral component of determining the impact
of this mortality event on common bottlenose dolphin
stocks will be identifying what percentage of each
stock the stranded animals comprise. Genetic assign-
ment methods are one way that population of origin
may be identified (Manel et al. 2005), although to
date, application of these methods to dolphin strand-
ings has not been fully explored. Assignment meth-
ods can be split into 2 main types. Classical assign-
ment tests provide a means to ascertain the source
population of origin for individuals. Alternatively,
one can estimate the mixture proportions for a group
of individuals, identifying what proportion of the
group originated from each potential source popula-
tion. This latter method is commonly used for mixed
stock analyses (MSA) (or genetic stock identification;
GSI) for commercial fishery management, particu-
larly for salmon management in the eastern North
Pacific (e.g. Hess et al. 2014). Both methods require
sampling of each potential source population of ori-
gin and sampling of the individuals that are to be as-
signed to their population of origin.

Here, we apply both assignment tests and GSI me-
thods to a subset of common bottlenose dolphin
strandings from the northern GoM UME to identify
from which stock(s) the stranded animals originated.
As described above, stock structure for T. truncatus
in the northern GoM is complicated. We focus on
animals recovered in the vicinity of Barataria Bay,
Louisiana, where stranded dolphins have been re-
covered from within the bay as well as along the
ocean-facing beaches of the barrier islands, in-
cluding Grand Isle. Strandings in the area are most
likely to have originated from either the Barataria
Bay Estuarine System Stock or the Western Coastal
Stock that inhabits the adjacent coastal waters out to
20 m depth. Modeling of carcass drift suggests
stranded dolphins found on the ocean-facing
beaches are unlikely to have come from the stocks
inhabiting deep, offshore waters (Williams et al.
2011, L. P. Garrison pers. comm.). Furthermore, the
strong site fidelity exhibited by estuarine dolphins
(Shane 1977, Wells et al. 1987, Hubard et al. 2004,
Balmer et al. 2008, Bassos-Hull et al. 2013) limits
their movements and it is therefore also unlikely that
stranded dolphins in Barataria Bay have come from
adjacent estuarine stocks. The ultimate goal of this
project is to provide a probability of assignment for
the recovered stranded animals to either the Western
Coastal Stock or the Barataria Bay Estuarine System
Stock to better quantify the numbers of mortalities
per stock for purposes of injury and stock assess-
ment. These mortalities will represent an underesti-

mate of the true number of mortalities, as not every
dead dolphin makes it to shore or is found and
reported (see Peltier et al. 2012).

MATERIALS AND METHODS

Sampling, DNA extraction, microsatellite
genotyping

Assignment test methods require 2 sets of samples:
one set, often referred to as the baseline, consists of
samples representative of the potential source popu-
lations; the second set contains the unknown samples
to be assigned to source populations. For the baseline
samples to represent the Barataria Bay Estuarine
System Stock of Tursiops truncatus, skin biopsies (n =
79) were collected from free-ranging animals in
Barataria Bay via remote biopsy methods (Gorgone
et al. 2008, Sinclair et al. 2015) in 2010-2012, and
skin tissue samples (n = 55) were collected from dol-
phins captured during capture-release health assess-
ment studies (see Schwacke et al. 2014) in 2011 and
2013 in Barataria Bay (Fig. 1A). In addition, 30 skin
biopsies were collected from free-ranging dolphins
in coastal waters outside Barataria Bay to represent
the adjacent Western Coastal Stock (Fig. 1A). The
coastal biopsies were collected in summer 2013 in
waters >2 km from shore to minimize the chance of
sampling estuarine dolphins. The stranded samples
of unknown origin (n = 136) were collected from dol-
phins recovered between 2010 and 2013 from coastal
and estuarine waters in the Barataria Bay area
(Fig. 1B). DNA was extracted from all samples using
a Qiagen DNeasy Tissue & Blood extraction kit fol-
lowing the manufacturer's protocols. Extracted DNA
was quantified (DyNA Quant 200, GE Healthcare
Life Sciences) and DNA quality was examined via
gel electrophoresis.

Samples were first genotyped at 19 microsatellite
loci (Ttr04, Ttr11, Ttr19, Ttr34, Ttr48, Ttr58, Ttr63,
TtrFF6 [Rosel et al. 2005]; MK5, MK6, MK8, MK9
[Kriutzen et al. 2001]; TexVet5, TexVet7 [Rooney et al.
1999]; KWM12a [Hoelzel et al. 1998]; PPHO130
[Rosel et al. 1999]; and EV14, EV37 [Valsecchi &
Amos 1996], and EV94 [modified from Valsecchi &
Amos 1996]) following Vollmer (2011) (for PCR con-
ditions, see Table S1 in the Supplement at www.
int-res.com/articles/suppl/n033p221_supp.pdf). When
necessary to enhance amplification, 0.08-0.24 mg
ml~! bovine serum albumin was added to the PCR
reaction. Genotyping was performed on an ABI 3130
Genetic Analyzer with GeneScan™ 500 LIZ® as an
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o Gulf of Mexico

o Barataria Bay Biopsies and Live Captures
+ o Coastal Biopsies

imity and be sampled (Waits et al.
2001). Data for these 19 loci were
used in MSTools (Park 2001) to deter-
mine whether any live dolphins had
been inadvertently sampled more
than once. One member of each
duplicate (see ‘Results') was removed
from all subsequent data collection
and analyses. The 136 stranded ani-
mals were also genotyped at these
first 19 loci and MSTools was simi-
larly used to search for duplicates
between stranded animals and biopsy
samples.

The power to detect differentiation
Y7, and the accuracy of assignment tests
are both directly related to the num-
ber of informative loci. To improve

10 20 km

assignment tests results, we screened

N

an additional 66 microsatellite loci
and ultimately identified and opti-
mized an additional 22 loci, 14 identi-
fied from screening the common bot-
tlenose dolphin genome through
INlumina 454 sequencing (see Lance
et al. 2013) and 8 optimized from loci
previously identified in other ceta-
cean species. See Text S1 in the Sup-
plement for description of methods to
identify and optimize these additional
loci. All samples (baseline and strand-
ings) were then genotyped at the 22
new microsatellite loci using a Qia-
gen Type-it Microsatellite PCR kit
(see Table S2 in the Supplement for
PCR conditions). Quality control pro-

+ ® Strandings 0 70 20 km

Fig. 1. Common bottlenose dolphin (Tursiops truncatus) sampling locations.
(A) Barataria Bay and Coastal biopsy and capture-release samples used in
baseline (inset: Gulf of Mexico). (B) Samples from stranded animals. The 20 m

cedures were applied for all micro-
satellite genotyping: all PCR reac-
tions contained a no-DNA control as
well as a positive DNA control that

isobath is shown

internal size standard. Allele sizes were determined
using GeneMapper v.4.1 (ABI). The probabilities of
identity, Pip and Py, (Waits et al. 2001), were esti-
mated using GenAlEx v.6 (Peakall & Smouse 2006),
and were used to identify the probability of finding
the same multilocus genotype at random within the
population. Py, provides a more conservative esti-
mator and is useful for circumstances when there
may be population substructure or in small popula-
tions where related individuals may remain in prox-

was used to ensure consistency across

PCR amplification and genotyping

runs. In addition, 8.7 % of the biopsy/
capture-release samples were re-genotyped at 19
loci to examine genotyping error rate.

Microchecker v.2.2.3 (Van Oosterhout et al. 2004)
was used to test each locus in the coastal biopsy sam-
ple set and the Barataria Bay biopsy/capture-release
sample set for the presence of genotyping errors due
to null alleles, allelic dropout, and incorrect scoring
of stutter. We also tested for significant departure
from Hardy-Weinberg equilibrium (HWE) propor-
tions following Guo & Thompson (1992), and linkage
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disequilibrium was measured using Fisher's exact
tests. Both tests were performed on the full data sets
from Barataria Bay (n = 127) and coastal waters (n =
29) and also for the baseline populations identified by
STRUCTURE (see next subsection: Barataria Bay estuar-
ine [BBe]: n = 49, Barataria Bay island [BBi]: n = 67,
Coastal: n = 24) using GENEPOP v.4.0.10 (Rousset
2008) and 10000 dememorizations, 1000 batches,
and 10000 iterations per batch. The level of signifi-
cance was corrected for multiple tests using the
sequential Bonferroni technique (Holm 1979). Simi-
larly, we estimated observed and expected hetero-
zygosities, the number of alleles per locus, and the
levels of genetic differentiation among populations
for both the full data sets and the populations identi-
fied by STRUCTURE using the Weir & Cockerham
(1984) measure, Fst, using Arlequin v.3.5 (Excoffier &
Lischer 2010).

Identifying baseline populations

Assignment methods require that potential source
populations be sampled such that microsatellite
allele frequencies for each source population are well
characterized. Thus, the sample set used to represent
each source population should be representative of
each population and should not contain samples from
individuals that are not members of the population,
i.e. each baseline sample should be a ‘pure’ sample
of each potential source population to be tested
(Manel et al. 2005). For the baseline sample of the
Western Coastal Stock, we used the skin biopsy sam-
ples collected in coastal waters >2 km from shore.
The baseline sample for the Barataria Bay Estuarine
System Stock is more difficult to identify because,
while Barataria Bay is delimited for management
purposes as containing a single common bottlenose
dolphin stock, other large bays and estuarine systems
are thought to contain multiple dolphin communities
(e.g. Urian et al. 2009), and Barataria Bay has been
little examined. Therefore, our first step was to test
for evidence of population structure within Barataria
Bay so that the appropriate baseline sample set for
the assignment methods could be identified.

The Bayesian clustering program STRUCTURE (Prit-
chard et al. 2000) was therefore used to test for evi-
dence of multiple genetic clusters among the biopsy
and capture-release samples collected in Barataria
Bay. STRUCTURE groups individuals into clusters (K)
without use of a priori information on where individ-
uals come from. Correlated allele frequency and
admixture models were applied to 10 independent

runs of K = 1-5 using 500 000 iterations and a burn-in
of 100000. The mean In probability of the data (X)
given the number of cluster (K) [In Pr(XIK)], across
the 10 runs was examined to identify the best num-
ber of populations given the data and were compared
to the AK method of Evanno et al. (2005). Correlating
cluster membership with geographic sampling loca-
tion allows exploration of whether the STRUCTURE
results are biologically meaningful (Pritchard et al.
2009). Therefore, we plotted (ArcGIS 10.3) geo-
graphic sampling location for each sample based on
cluster membership (q-values). We explored 2 -
value thresholds to assign membership: a more strin-
gent value of g 20.8, and a more lenient value of q =
0.6. To further look for biological support for the clus-
ters identified by STRUCTURE, we compared general
habitat preference patterns for 29 animals in the data
set that had been fitted with satellite telemetry tags
during the 2011 and 2013 Barataria Bay health
assessments (Schwacke et al. 2014). Finally, we re-
ran STRUCTURE as above, incorporating the coastal
biopsy samples, to determine whether any estuarine
dolphins had been biopsied in waters >2 km from
shore in order to ensure our coastal baseline sample
set did not contain any estuarine dolphins.

The STRUCTURE analysis provided strongest support
for the existence of 2 genetic clusters within Bara-
taria Bay (see '‘Results’). Therefore, 2 versions of a 3-
baseline population model (BBe, BBi, and Coastal)
were analyzed by assignment tests. The first data set
was created using the g-value cut-off of 0.6 to create
the 2 Barataria Bay baselines, and the second data
set created using the g-value cut-off of 0.8 to create
the 2 Barataria Bay baselines. The Coastal baseline
population was created using a g-value cut-off of 0.8
in both cases.

Assignment methods

Once the baseline sample set for the Barataria Bay
Estuarine System and Coastal stocks was identified,
we used ONCOR (Kalinowski et al. 2007) and
GeneClass2 (Piry 2004) to perform assignment tests
to identify population of origin for stranded samples
from the Barataria Bay area. First, we assessed the
ability of the baseline data set to correctly assign
individual dolphins to their population of origin. We
used the leave-one-out and individual assignment
options in ONCOR and applied ONCOR to the full
baseline data set. ONCOR uses a jackknife proce-
dure that removes an individual from the data set
and then uses a maximum likelihood algorithm to
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estimate the probability that the individual came
from each of the baseline samples. After running
each individual, the software calculates the number
of correct assignments for each population. We also
used ONCOR to examine the performance of the
baseline data sets and how accurate the mixture
analysis is likely to be. We performed 100 % simula-
tions (assuming the mixed stock all comes from 1
population in the baseline). Here, the software simu-
lates a mixture sample in which all the baseline indi-
viduals are from the same population and then uses
maximum likelihood methods to estimate the per-
centage of the mixture correctly assigned to the pop-
ulation of origin. Simulations involved a cross-valida-
tion method as discussed by Anderson et al. (2008).
We performed 1000 simulations, sampled 200 indi-
viduals, and used the empirical baseline sample
sizes. Seeb et al. (2000, 2007) recommended that at
least 90% correct assignment is necessary to have
confidence in the MSA.

We next used the probability of exclusion test in
GeneClass2 to identify any stranded animal that may
have originated from outside of the 3 sampled base-
line populations (Cornuet 1999, Manel et al. 2005).
GeneClass2 uses a Bayesian approach and the
method of Rannala & Mountain (1997) to estimate
population allele frequencies. To test whether any of
our identified baseline populations could be ruled
out as population of origin for individuals, Monte
Carlo resampling was performed in GeneClass2
using an assignment threshold of 0.01 and following
the algorithm of Paetkau et al. (2004) with 10 000 sim-
ulated individuals.

ONCOR was then used to perform individual
assignments of the stranded dolphins to determine
their most likely source population. ONCOR assigns
an individual to the baseline population that has the
highest probability of producing the individual's
genotype in the mixture. ONCOR uses both mixture
proportions and genotype frequencies to estimate
population of origin, uses a conditional maximum
likelihood approach, and implements the method of
Rannala & Mountain (1997) to estimate baseline al-
lele frequency distributions when estimating assign-
ment probabilities.

Finally, we used ONCOR to examine the overall
stock composition of the stranded animals using the
MSA framework. In contrast to the individual assign-
ment method, MSA is a population-level method that
estimates the relative contributions of each baseline
population to the mixture sample. Confidence inter-
vals around the mixture proportions were estimated
using 1000 bootstrap replicates.

RESULTS
Genotyping

DNA was extracted from a total of 164 biopsy and
capture-release samples from the source popula-
tions. Of these, 3 individuals from Barataria Bay had
extremely low DNA quantity/quality and were
dropped from further analysis. After genotyping at
the first 19 microsatellite loci, 5 pairs of samples were
identified as duplicates using MSTools: 4 pairs
amongst the Barataria Bay samples and 1 pair from
the coastal biopsies. Probabilities of identity (P;p = 8.8
x 1077 Pipsin) = 5.8 x 1077) were sulfficiently low to
suggest these represent true duplicates rather than
different animals sharing the same genotype by
chance. Each pair had an identical genotype across
all 19 loci and also had the same mtDNA control
region haplotype and same sex. One member of each
duplicate pair was removed from all subsequent data
collection and analyses. The remaining 156 samples
were successfully genotyped at the additional 22
microsatellite loci, except for 1 sample that did not
amplify for locus KWM9b. After genotyping the 136
stranded animals at the first 19 loci, we also identi-
fied 5 stranded animals that were duplicates of dol-
phins that had been previously sampled within
Barataria Bay when alive (i.e. previously biopsied or
sampled during the health assessments). These 5 dol-
phins were removed from the data set, leaving 131
individuals to assign to stock.

No evidence for genotyping errors was detected
using Microchecker. No incorrect genotypes were
found after repeat genotyping of 14 samples (8.7 % of
the biopsy/capture-release samples), and 5 dolphins
unknowingly sampled twice also had no evidence of
genotyping error. No loci were out of HWE or
showed evidence for linkage disequilibrium after
Bonferroni correction (see Tables S3 & S4 in the
Supplement at www.int-res.com/articles/suppl/n033
p221_supp.pdf).

Identifying baseline samples

The STRUCTURE analysis of samples collected in
Barataria Bay indicated that K = 2 was best, with K =
3 close behind (Fig. S1A in the Supplement). For K =
2 and both g-cutoff values, geographic partitioning
was evident for the 2 clusters (Fig. 2A), one cluster
concentrated in estuarine waters of the western side
of Barataria Bay and the other concentrated in estu-
arine waters of the eastern side, with members of
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Fig. 2. Geographic sampling location of dolphins Tursiops truncatus used in STRUCTURE runs using Barataria Bay biopsy and

capture-release samples only. Samples color-coded for (A) K = 2 STRUCTURE clusters and (B) K = 3 STRUCTURE clusters and

a q-value cutoff of q = 0.6 (left panels) or g > 0.8 (right panels) for identifying clusters. K: number of clusters, g-value: prob-
ability of cluster membership. The 20 m isobath is shown

both clusters utilizing waters directly north of the
larger barrier island of Grand Isle. At K =3, the K=2
cluster associated with the more eastern estuarine
waters was split into dolphins associated primarily
with the barrier islands and a second cluster found
predominantly in estuarine waters in the northern
and eastern part of the bay (Fig. 2B). Dolphins associ-
ated with estuarine waters of the western part of the
bay and barrier island remained as in the K = 2 result.

For the purposes of the assignment tests, in which
our goal was to examine the relative contribution of
Barataria Bay Estuarine System versus Coastal stock
dolphins to strandings in the Barataria Bay area, we
chose to use the K = 2 result of the STRUCTURE runs
and the g = 0.6 threshold for Barataria Bay to create
the baseline sample set of Barataria Bay. Overall, K =
2 exhibited the smallest In Pr(XIK), and it is recom-
mended to accept the ‘smallest value of K that cap-

tures the major structure in the data’ (Pritchard et al.
2009), and it had the highest AK. Furthermore, the
number of samples that were unclustered at K = 3
was higher than at K = 2 (number of unassigned indi-
viduals at K =2 was 11 and 36 for the q > 0.6 and q 2
0.8 cut-offs, respectively; at K = 3, it was 28 and 65 for
the q =2 0.6 and g = 0.8 cut-offs, respectively). This
higher number of individuals unassigned at both g-
value cutoffs for the K = 3 clusters suggests that the
data show stronger support for K= 2 over K =3. In ad-
dition, the difference between K =2 and K = 3 prima-
rily reflects a division of dolphins within Barataria
Bay rather than between the Barataria Bay Estuarine
System and Coastal stocks, the latter being the pri-
mary focus of the analysis. Finally, tag-telemetry data
(Wells et al. 2017) also supported population structure
within Barataria Bay (see '‘Discussion’). These track-
ing data provide an independent line of evidence in
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Table 1. Microsatellite Fst values (and sample sizes of Tur-
siops truncatus) for pairwise comparisons of the baseline
populations used within Barataria Bay (using g > 0.6 and g =
0.8 cut-off values) and the Coastal population. The Coastal
baseline samples were identified using a q = 0.8 cut-off
value. Fst values below diagonal, associated p-values above
diagonal. BBe: Barataria Bay estuarine, BBi: Barataria Bay
island, g-value: probability of cluster membership

BBe BBi Coastal
q=0.6
BBe (n =49) 0.00 0.00
BBi (n = 67) 0.0276 0.00
Coastal (n = 24) 0.0474 0.0229

Overall Fsr = 0.0302, p < 0.001

q=0.8

BBe (n = 34) 0.00 + 0.00 0.00
BBi (n = 57) 0.0384 0.00
Coastal (n = 24) 0.0534 0.0239

Overall Fsr = 0.0366, p < 0.001

support of the genetic clusters identified by STRUC-
TURE. The final sample sizes were n = 49 for the BBe
baseline comprising samples primarily from the west-
ern estuarine waters, and n = 67 for the BBi baseline
comprising samples mainly associated with the bar-
rier islands but also some within the eastern estuarine
waters of the bay. In total, the number of baseline
samples used to represent Barataria Bay was 116. The
Fgr estimate between samples representing the West-
ern Coastal Stock (n = 29) and the full Barataria Bay
data set (n = 127) was 0.021 (p £0.0001). Fst between
the BBe and BBi baseline samples was significant (Fst
= 0.028 and 0.038, p £ 0.0001, for the q = 0.6 and q =
0.8 cut-offs, respectively; Table 1). Pooling the BBe
and BBi samples and comparing them to the Coastal
population returned Fsr = 0.027 and 0.026 (p <0.0001)
for the g > 0.6 and g > 0.8 cut-offs, respectively. The
highest Fst value was seen between BBe and the
Coastal population (Fst = 0.05, p <0.0001).

We also used STRUCTURE, as above, with all non-
stranding samples (e.g. all Barataria Bay samples
plus the Coastal biopsies) to examine whether any
Barataria Bay dolphins were sampled during the
coastal biopsy effort. Mean Pr(XIK) values were very
close for K=2 and K =3 (Fig. S1B in the Supplement).
At K = 2, the samples were generally split into those
collected in coastal waters >2 km from shore and
those collected in Barataria Bay (Fig. 3A). At K = 3,
the Coastal cluster remained the same while the
Barataria Bay samples were split into 2 clusters simi-
lar to the pattern seen when Barataria Bay samples
were used alone in STRUCTURE (Fig. 3B). At K = 2, 24
of the 29 coastal biopsy samples were in 1 cluster

using a g-value cut-off > 0.8. The average g-value for
those 24 samples was 0.913. The remaining 5 coastal
biopsies were unassigned, i.e. they did not group in
the Barataria Bay cluster either. Lowering the strin-
gency to g-values > 0.6 allowed 3 of the unassigned
coastal biopsies to be placed in the Coastal cluster.
The average g-value for the Coastal cluster using a
q = 0.6 cutoff was 0.852. There were a few Barataria
Bay samples that clustered with the coastal biopsies
at K =2, though most of these became unclustered at
K = 3. These samples, when run in the Barataria-Bay-
only STRUCTURE runs described above, all fell into the
island-associated clusters. Several of these animals
had satellite tags and none went offshore more than
2 to 4 km (Wells et al. 2017), illustrating that they
remain around the barrier islands and do not venture
into waters occupied by the Western Coastal Stock.
Thus, they were retained in the BBi data set, and the
final Coastal baseline sample contained 24 samples
assigned using the STRUCTURE q-value cutoff of > 0.8.

Assignment of strandings

Self-assignment tests using ONCOR and the base-
line sample set proved effective at assigning baseline
samples to their population of origin. The BBe and
BBi individuals returned the best result, with 98 %
and 97 % correctly assigned, respectively. The self-
assignment for the Coastal population was biased
downwards, with 83 % correctly assigned. These re-
sults indicate that the baseline data set has sufficient
power to perform assignment tests, though assign-
ments to the Coastal population may be somewhat
underestimated.

Using the 3-baseline population scenario derived
from the less stringent g-value in Barataria Bay and a
threshold of 0.05, GeneClass2 excluded 2 stranded
animals from all 3 potential source populations.
Therefore, the final sample size for use in estimating
assignment probabilities in ONCOR dropped to 129.
ONCOR assigned 9 stranded animals to BBe (assign-
ment probability range: 0.66-1.0, mean: 0.92), 8 to
the Coastal population (0.63-0.99, mean: 0.82), and
111 to the BBi population (0.66-1.0, mean: 0.98). One
individual was assigned nearly equally to the BBi
and the Coastal populations.

MSA

The 100 % simulation test for the MSA ranged from
92.7% for the Coastal population to 99.6% for the
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Fig. 3. Geographic sampling location of dolphins Tursiops truncatus used in STRUCTURE runs using Barataria Bay plus Coastal

biopsy samples together. Samples color-coded for (A) K = 2 STRUCTURE clusters and (B) K = 3 STRUCTURE clusters and a g-value

cutoff of g > 0.6 (left panels) or g > 0.8 (right panels) for identifying clusters. K: number of clusters, g-value: probability of
cluster membership. The 20 m isobath is shown

estuarine populations, all above the 90 % threshold
recommended for confidence in the mixture analysis.
Analysis of mixture proportions for the stranded sam-
ples using the 3-population scenario returned pro-
portions of 6.69 % Coastal (95% CI: 0.010-0.153) and
93.31 % Barataria Bay (summing BBe and BBi).

DISCUSSION

Fully understanding the impacts of mortality
events on wild populations is critical for accurate
assessment of the population-level impacts of such
events. In cases where multiple populations exist in
close proximity and a mortality event is broadly dis-
tributed, it can be difficult to identify the population
of origin of carcasses. The 2010-2014 cetacean UME
in the northern GoM provides an excellent example

of just such a case. More than 1100 cetaceans, prima-
rily common bottlenose dolphins, died during this
event (Litz et al. 2014). Gulf-wide, the number of pos-
sible source populations for these strandings is quite
high and includes many small, genetically distinct
estuarine populations. Here we tested molecular
genetic assignment methods and their ability to iden-
tify the population source of dead stranded common
bottlenose dolphins recovered in the Barataria Bay
region of southeastern Louisiana during this UME.
By focusing on strandings in this region, we were
able to sample the most likely source populations. If
successful, assignment tests could be an additional
tool for investigating and assessing population-level
impacts of marine mammal UMEs.

Genetic assignment tests can be sensitive to incom-
plete sampling of baseline populations as well as
baseline populations composed of individuals from
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multiple populations (Manel et al. 2005). Because
common bottlenose dolphins often exhibit population
structure on very fine scales (Sellas et al. 2005, Rosel
et al. 2009), we examined whether population struc-
ture might exist within Barataria Bay prior to per-
forming assignment tests. Although the microsatel-
lite data did not show evidence of a Wahlund effect,
i.e. only 1 locus, DL12, had a HWE p-value < 0.05, or
significant linkage disequilibrium, STRUCTURE analy-
sis suggested the presence of 2 or even 3 unique
genetic clusters or populations within Barataria Bay
(Fig. 2A,B). These groups are geographically parti-
tioned; one is found primarily around the barrier
islands and the other 2 utilize more estuarine habitat
in the western and eastern portions of Barataria Bay,
suggesting some biological meaning to the clusters.
The test for HWE is a weak test (Waples 2015), so it is
not surprising that it did not provide strong evidence
for a mixed sample within Barataria Bay, though
DL12 was no longer out of HWE when the samples
were split into BBi and BBe. The genetic results are
well supported by tag-telemetry data for 29 dolphins
in Barataria Bay (Wells et al. 2017) that were also in
the genetic data set. The movement data indicated
the tagged dolphins stayed within the bay year-
round and across years in some cases. Examination of
habitat usage of the satellite-tagged dolphins
revealed that most of the tagged animals utilized
habitats in line with the genetic pattern of western-
estuarine-associated, island-associated, and eastern-
estuarine-associated dolphins (Wells et al. 2017) as
identified in the K = 3 STRUCTURE results for the
Barataria Bay samples. Overall, the genetic data and
the movement-based home-range data combined
provide strong evidence for the presence of discrete
groups within Barataria Bay that are also distinct
from the dolphins that inhabit the nearshore coastal
waters beyond the bay. The level of genetic differen-
tiation seen among these groups was significant
(Table 1) and in line with levels of differentiation
measured among other recognized dolphin stocks in
the eastern United States. Additional sampling with-
in Barataria Bay will further our understanding of
these discrete dolphin groups.

Results from the assignment tests indicated that
most of the stranded animals analyzed came from the
Barataria Bay Estuarine System Stock, while approx-
imately 6-7 % originated from the adjacent Western
Coastal Stock. Both the straight assignment tests and
the mixture analysis returned similar values for the
proportion of Western Coastal Stock dolphins pres-
ent in the strandings (assignment tests: 6.2 %, MSA:
6.7 %). Furthermore, the majority of the carcasses

assigned to the Barataria Bay Estuarine System Stock
originated from the barrier island-associated dol-
phins rather than from dolphins whose home ranges
included primarily the more estuarine and marsh-
grass dominated portions of Barataria Bay. This dif-
ference in the number of stranded dolphins assigned
to the estuarine versus island-associated dolphins of
Barataria Bay may result from biological and/or
methodological factors. The island-associated dol-
phins could truly be more impacted by this UME and
therefore make up a higher percentage of carcasses.
Alternatively, all subpopulations within Barataria
Bay may be equally impacted by the event, but
observing and retrieving carcasses from the large
and complex marsh habitat utilized by the more estu-
arine-associated dolphins could result in fewer estu-
arine-associated dolphin carcasses being discovered
and therefore fewer available for assignment. These
2 hypotheses are not mutually exclusive and a com-
bination of the two is plausible.

The lower percentage of carcasses recovered from
the Western Coastal Stock is in line with previous
studies of cetacean carcass recovery rates. Peltier et
al. (2012) tagged 100 bycaught short-beaked com-
mon dolphin (Delphinus delphis) and harbor por-
poise (Phocoena phocoena) carcasses and released
them on average 41 + 31.5 km offshore of the French
Atlantic coast. Of these, 8% were recovered, al-
though modeling experiments suggested that a far
higher proportion (62%) of bycaught carcasses
should have stranded. Williams et al. (2011) used the
ratio of annual strandings to total number of ex-
pected mortalities based on abundance estimates
and mortality rates to estimate a 2 % recovery rate for
strandings of primarily deep-water, offshore ceta-
cean species in the northern GoM. Our estimate that
6-7 % of recovered Tursiops truncatus carcasses from
the Barataria Bay area come from coastal waters is a
slightly different kind of estimate, but is nevertheless
in the same order of magnitude as these previous
studies. Members of the Western Coastal Stock of T.
truncatus are delimited to inhabit waters from the
coastline out to the 20 m isobath, which, in the waters
off Barataria Bay, stretches out to approximately
17 km from shore. Prevailing surface winds based on
a climatological average over the period 1991-2010
are from the south in summer and the southeast in all
other seasons (Crouch & Shein 2011) and should
push floating carcasses shoreward. Surface currents,
however, are directed more to the west
(Zavala Hidalgo et al. 2003), and so it is possible that
carcasses from dolphins inhabiting coastal waters off
Barataria Bay would be pushed further west beyond
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our study area. Furthermore, with the long peninsula
of the Mississippi Delta jutting south just east of the
area we sampled, the source for Coastal Stock car-
casses drifting in from the east seems limited.

In addition to the uncertainty in the percentage of
Western Coastal Stock carcasses that would make it
to the beaches, the genetic analysis performed here
may also impart a downward-biased estimate of
coastal assignments. The sample size for the West-
ern Coastal Stock baseline sample was relatively
small. Population allele frequency estimates may
therefore not be as robust as is desirable for assign-
ment tests. This possibility is borne out in the self-
assignment tests performed in ONCOR. While 97
and 98 % of the estuarine and island-associated dol-
phins, respectively, in the baseline samples were
correctly assigned to their population of origin, this
value was 83 % for the Western Coastal Stock base-
line sample. Seeb et al. (2000, 2007) suggested that
mean correct assignments of 290 % indicate highly
identifiable groups, so confidence in the Barataria
baseline samples is high. The lower value for the
Western Coastal Stock baseline sample suggests
that assignment confidence is still adequate but the
baseline sample may not have been thoroughly
sampled. The smaller sample size for the Western
Coastal Stock baseline would bear that out. In addi-
tion, the degree of genetic divergence detected
between the coastal and island-associated popula-
tions is relatively low (Fsy = 0.023). Individual
assignment test methods are more accurate with
increasing divergence levels (Araujo et al. 2014),
though good assignment accuracy has been regu-
larly reported for Fsr values as low as 0.01 (Araujo
et al. 2014). The relatively low divergence, coupled
with the small baseline sample for the Western
Coastal Stock, may result in some coastal animals
having been assigned to the island-associated Bara-
taria Bay population. Use of the MSA option in
ONCOR should help minimize some of this bias,
however. Use of mixture models integrates all the
information available in the baseline as well as in
the mixture sample, and, since they do not require
estimating assignments for each individual in the
mixture, they do not carry with them the uncertainty
and error inherent in each of those assignments,
resulting in improved performance over classical
assignment tests (Koljonen et al. 2005, Manel et al.
2005, Moran et al. 2014). Moreover, they are less
prone to overestimating assignment power (Ander-
son et al. 2008, Anderson 2010). Interestingly, for
our system, both methods produced similar val-
ues —the Western Coastal Stock contributed ~6-7 %

of the stranded animals we analyzed. Finally, as
mentioned in ‘Results’, GeneClass2 excluded 2
strandings in the first step of the assignment analy-
sis. These animals may have come from an unsam-
pled baseline population, for example the Continen-
tal Shelf Stock of common bottlenose dolphins
found further offshore. Alternatively, they may have
originated from the Western Coastal Stock, but their
alleles may not have been well represented in the
Western Coastal Stock baseline, given its smaller
size, and were therefore excluded.

It is important to recognize that the number of car-
casses we have assigned to the 2 stocks is not an esti-
mate of the total number of animals that have died
from each stock during the time of the UME, only the
number that we analyzed. The number of stranded
dolphins available for analysis is a function of multi-
ple biological and physical factors, including abun-
dance and mortality rates of each stock, carcass
buoyancy or sinking rate, size, and decomposition
rate, scavenging rate, distance from shore at time of
death, drift rates, wind and current direction and
strength (see Peltier et al. 2012 for a full discussion,
Wells et al. 2015). Additionally, carcass detection
rates, which are influenced by the level of search
effort and the complexity of the habitat and ease with
which carcasses can be detected, can influence the
number of stranded samples available for analysis.
Finally, for this study, only carcasses that yielded
DNA of sufficient quality for genotyping were
included in the analysis. Nevertheless, knowledge of
the relative ratio of strandings of estuarine to coastal
dolphins can be used in a larger modeling framework
to estimate total dolphin mortality during this UME
(Thomas et al. 2017, this Theme Section). Overall, the
genetic assignment test method showed significant
promise for assessing impacts of mortality events on
dolphin populations. Keys to success for future
events include a good understanding of population
structure for, and adequate and appropriate sam-
pling of, the potential source populations that may be
represented in the recovered mortalities, and a
robust and timely stranding response effort.
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